Two large construction machinery structures were welded separately with and without jig constraints. The welding distortion of the entire structure was measured by a 3D coordinate measuring system and simulated by elastic FEM using the inherent deformation method. To obtain an accurate inherent deformation, a thermal elastoplastic FE analysis of simple one-side fillet joints with and without jig constraints was performed. Efficient simulation of welding distortion in large structures was accomplished by applying inherent deformation in a localized region, and the effect of jig constraint on the reduction of welding distortion was clarified. The computation of inherent deformation, the weld zone definition and the conversion of inherent deformation into inherent strain were automated. Measured and computed welding distortions in large structures had a good correspondence with respect to both tendency and magnitude. Further investigation of jig configuration was performed for enhanced reduction of welding distortion. Alternative controlling techniques for common welded structures were also addressed.
Introduction
Welding distortion is usually inevitable in welded structures, such as ships, bridges and construction machines, because of nonuniform shrinkage under thermal cycles. The distribution of welding distortion is hard to predict and control in complex structures with multiple stiffeners. The precision of geometrical dimensions cannot be guaranteed if excessive welding distortion occurs. There have been many fundamental studies on the reduction and prevention of welding distortion. From the viewpoint of minimizing heat input, welding distortion can be reduced by substituting the arc welding with laser or electronbeam welding (Ref 1) . Currently, some of the large panel structures in shipbuilding are joined by arc-laser hybrid welding (Ref 2) . The welding deformation can also be reduced by optimization of groove type and welding sequences (Ref 3) . Despite these approaches, arc welding is still the main process for welding large structures. Therefore, external constraints or additional cooling techniques are usually employed to control the welding distortion in practical engineering.
There are several difficulties in controlling the welding distortion in large structures associated with the welding process. First, the components to be joined have geometric errors; hence, a gap and misalignment exist (Ref 4) . The effect of the gap on the welding distortion was examined by Deng and Murakawa (Ref 5) . Second, the constraint is more complex in welding structures than in a simple welding joint. For example, a structure with stiffeners has a smaller welding deformation than one without stiffeners. Third, the geometric complexity hinders the wide application of external constraining techniques.
To date, the controlling techniques of welding distortion have been investigated on typical welding joints such as beadon-plate and T-fillet. Park proposed a method for deriving the constraint coefficient from the welding angular distortion (Ref 6) . The relation between the shape of the welding joints and constraint coefficients was discussed. Liu investigated the influence of external load on angular distortion of a fillet joint (Ref 7) and found that the moment other than the force is the critical factor for reducing distortion. Mikami conducted an experimental study on a welding wire with low-temperature phase transformation and its effect on welding distortion (Ref 8) . The angular distortion produced under additional cooling was only 50% of the original welding case. Schenk studied clamping conditions such as release time and preheating on a thin overlap joint and thick T-joint (Ref 9) and suggested adaptive clamping can be used to mitigate the welding distortion. Ma et al. (Ref 10, 11) studied the jig constraint effect and temporary tacking on welding distortions in a beadon-plate joint using experimental and computational methods. They concluded that angular distortion can be largely reduced, whereas transverse shrinkage and tendon force are not influenced appreciably. The optimization of welding sequences can also help to reduce the welding distortion, which avoids the labor of setting up constraints. Tsai developed a joint rigidity method and employed it to optimize the welding sequence for a minimum distortion of a thin panel structure (Ref 12) . Lin demonstrated that the welding-induced alignment in laser joining of a fiber optic component can be reduced by approximately 10% by choosing an appropriate welding sequence (Ref 13) .
However, computational investigations of the above distortion controlling techniques, especially jig constraints for particularly large-scale structures, are rarely found in the literature. One of the possible reasons relates to the simplicity and efficiency of simulation methods. In the present study, the jig constraint effect on a large construction structure was investigated using efficient computational and experimental approaches. The detailed welding distortion was measured using a 3D coordinate measuring device for structures welded under a free condition and a constraint condition. The mechanism of welding distortion under jig constraints was explained using the transient results and inherent deformation parameters. The inherent deformation was determined from the residual plastic strain and then imposed into an elastic model to reproduce the welding distortion of the entire structure. Furthermore, the inherent deformation under different jig configurations was analyzed numerically. Parameters such as jig constraint position and pitch were investigated numerically.
Experiment Procedures
The welded structure in the experiments is part of the construction machinery, and its dimensions are illustrated in Fig. 1 . The material of the steel plates is DP590, which is a high tensile steel with a tensile strength grade of 590 MPa. All base plates have a thickness of 9 mm. The locations to be welded were polished to remove the oxidation and thus to obtain a good weld quality. Then, the structure was assembled by tack welds as shown in Fig. 2 . The welding sequence of all weld lines is schematically drawn in Fig. 1 . The longitudinal welds were finished first, and the transverse welds and vertical welds were performed sequentially. The welding condition is summarized in Table 1 . Single pass welding was performed, and the fillet size was approximately 6 mm. In the present study, two structure models, Model 1 and Model 2 welded without and with jig constraints, respectively, were experimentally investigated. The bottom plate was constrained on a base supporting plate. The web plates were constrained by a stretchable jig (Fig. 2d) . When all welding passes were completed, the jigs were removed from the welded structure. The 3D coordinate was measured before and after welding at multiple locations in the structure. Therefore, the deformation induced by the welding process could be determined from the two sets of coordinates. Yang (Ref 16) . In this study, a localglobal computation framework was implemented for efficient computation of welding distortion. The inherent deformation, which will be described in detail in section 3.2, was first derived from the small-scale fillet joint by thermal elastoplastic analysis using the FEM code JWRIAN (Ref 15 
Simulation Methods and Models

Welded Joint Models for Transient Thermal Elastoplastic Analysis
The entire construction model is shown in Fig. 3 (a). To obtain welding-induced inherent strains, three local models extracted from the entire model, as shown in Fig. 3 welds and a coarser mesh in other regions. Because the structural deformation is of interest, the fluid flow in the weld pool was ignored due to its negligible influence on plasticity.
The thermal conduction analysis of transient temperature fields was performed independently before the mechanical analysis of transient stress and strain fields. Heat conduction and heat transfer through convection were directly considered. In addition, the heat loss due to radiation was defined as the equivalent of heat convection. The heat efficiency was taken as 60% (Ref 21) . The thermal physical material properties are described as temperature dependent (Fig. 4) .
After the temperature history at each node in FE models was obtained through thermal analysis, the mechanical analysis for stresses and strains was performed by reading the transient temperature as a thermal load. The element death and birth technique was implemented in the analysis code to consider the material depositing process. The isotropic hardening rule and Mises yield criterion were employed for the material. The base metal and filler metal are assumed to be the same material. To accurately predict the stress and strain evolution during welding, temperature-dependent material properties were used in the numerical analysis. The mechanical properties are shown in Fig. 5 . The steep gradient of the curves of yield strength and temperature suggests that the material will experience high nonlinearity during the thermal cycles.
The jig constraints model is important in the numerical simulation. In practice, the jigs usually act on deformable objects such as the supporting plate and specimens. The geometry of the jigs and the initial gap between jig and specimen should be accurately measured and modeled by considering contact behavior. However, such procedures would significantly increase the complexity of numerical simulations and require precise measurement of the geometrical appearance. In the present study, the jig constraints were idealized as rigid fixtures in the numerical model and the plasticity generated near the constraints is intended to compensate for the elastic deformation of the jig itself. The boundary condition was only changed to prevent rigid body motion after welding.
Elastic Analysis by Inherent Strain Method for the Entire Structure Model
After transient elastic-plastic analysis is completed, residual plastic strains can be integrated on transverse sections perpendicular to a weld line to get the inherent deformations. Another effective approach is the new proposed cutting technique as Figure 6 shows the distribution of the equivalent plastic strain on the middle cross section of the welding Joint A. It is seen that the equivalent plastic strain has a nonuniform distribution through the plate thickness. The local view shows that a large region of the T-joint section has undergone plastic strain as indicated by the 0.1% lower limit of equivalent plastic strain. Generally, angular distortion is caused by such a strain gradient. Four inherent deformation components, namely longitudinal shrinkage, transverse shrinkage and longitudinal bending and transverse bending, are considered. In the case of the flange plate, the relevant equation for each component is given in Eq 1-4. 
where d x denotes the longitudinal inherent shrinkage, d y denotes the transverse inherent shrinkage, h x denotes the longitudinal inherent bending and h y denotes the transverse inherent bending. x, y and z are coordinates in the welding direction, transverse direction and vertical direction, respectively. A is the area of the transverse cross section in the welding joint. e x p and e y p are the longitudinal plastic strain and transverse plastic strain, respectively. I is the inertial moment of the cross section with the unit size in the welding direction. For a web plate, a coordinate transformation is necessary to use the above equations. As shown in Fig. 7 , the inherent deformations along the welding direction were evaluated for the flange plate in each welding joint. A smooth distribution of the four inherent deformation components along the welding direction is seen in the case without jig constraints, whereas the inherent deformation distributions with jig constraints have obvious changes near jig positions. The curves have a lower value at two ends of the weld line because the constraint is small. The curves have a relatively flat distribution except at these two ends. The average value of inherent deformation on the transverse sections along the welding direction was used in the deformation analysis of the entire structural model.
The inherent deformations calculated from the local finite element models of the fillet welding joint with/without jig constraints are summarized in Table 3 .
It is observed that the inherent shrinkages are not significantly influenced by jig constraints that primarily limit the growth of the out-of-plane deformation. The transverse inherent bending was reduced by approximately 20% and 38% in the case of Joint B and Joint C, respectively. This indicates that the constraint position has a large influence on the final welding distortion. When the jig constraints are closer to the weld line, the reduction of angular distortion becomes more significant. The longitudinal bending is quite small, so it was not considered here.
The methodology using inherent deformations and elastic FEM has been discussed comprehensively by Deng et al. (Ref 23) , so the details are not given in the present paper. Because the heat effect between two-side fillet welds is limited, the inherent deformations of this type of fillet joint were assumed to be twice the value of the single-side welded joint for simplicity.
Results and Discussion
Results in Local Welding Models
The overall distribution of the transient temperature at 100 s from the start of welding is shown in Fig. 8(a) . The temperature distribution on the middle transverse cross section is drawn in Fig. 8(b) just when the welding torch passed this section. From Fig. 8(b) , the penetration shape with the temperature over 1400°C is clearly seen. Reasonable temperature distributions were obtained by the transient thermal analysis.
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Ux ( The out-of-plane welding deformations of Joint A and Joint B are plotted in Fig. 9 . Angular distortion occurred after welding, and the maximum value is approximately 1.5°in Joint A. In Joint B, it is clear that the angular distortion was very small before release of jigs but greatly increased afterward.
The inherent deformation was also evaluated before and after release of the jig constraint for Joint B and Joint C. The transverse inherent shrinkage and transverse inherent bending are compared in Fig. 10(a) and (b) , respectively. The transverse inherent shrinkage and the transverse inherent bending are almost identical before and after the release of the jig constraint because the plastic strain produced in welding thermal cycles becomes stable at lower temperature. The welding deformation is temporarily restrained by the jig constraint. This result suggests that the inherent deformations derived under the jig constraint condition can be directly applied to the structure model to simulate the structural welding distortion. In other words, the structural welding distortion under the jig constraint and its released state can be reproduced using the same inherent deformation.
Incidentally, the computation time for local models using thermal elastoplastic FEM is approximately 160 min.
Welding Deformation in Construction Structures
The construction structures without jig constraint were modeled by the same shell elements shown in Fig. 11 . The inherent deformations without and with jig constraints were obtained from local Joint A and local Joint B as shown in Fig. 3(b) and (c), respectively.
For structure Model 1, which is shown in Fig. 2 (a) without jig constraints, the three displacement components (U x , U y , U z ) predicted by the inherent strain method and elastic FEM are shown in the left region of Fig. 12(a), (b) and (c) , respectively.
Similarly, using the inherent deformation obtained from local Joint B with jig constraints, the welding distortion of structure Model 2, shown in Fig. 2(b) , was simulated. The distribution of three displacement components (U x , U y , U z ) for Model 2 is represented in the right region of Fig. 12(a), (b) and (c), respectively.
From the simulation results for Model 1 and Model 2, the largest deformation occurs on the free edges at the bottom panel. The computation time for local models of a fillet welding joint using thermal elastoplastic FEM was 160 min, whereas the CPU time for global structure models with 26 welded joints was only 1 min using the elastic FEM based on the inherent strain method. All computations were run on a desktop machine using a single Intel i7-core.
For better visualization, the out-of-plane displacement U z at 20 locations near the free edge of the bottom plate was evaluated as schematically drawn in Fig. 1 . The out-of-plane displacements measured in experiments (jEXP) and simulated by elastic FEM (hJWELD) are compared by bar graph in Fig. 13 .
In Model 1, the out-of-plane deformations at evaluation points 1-20 obtained by simulation and measurement have a similar tendency from the engineering viewpoint. The average value of measured points 1-5 or 11-15 is close to that of measured points 6-10 and 16-20. On the other hand, the measured out-of-plane deformation seems to increase along the welding direction for the evaluation points 1-5 and 11-15. Nevertheless, the predicted values are almost identical, because the inherent deformation used in this simulation is assumed to Fig. 13 Comparison between simulated and measured out-of-plane displacements in Model 1 and Model 2 be uniform along the welding direction for simplicity and practical application. If a change of the inherent deformation along the welding direction as shown in Fig. 7 was used, a detailed distribution of welding deflection can be obtained with higher accuracy.
In Model 2, the deformation field has the same distribution but lower magnitude compared with Model 1. The maximum deformation was reduced to 3.11 mm. Taking maximum values as an indicator, the current arrangement of positions and pitches of jigs has an approximately 28% reduction in welding deformation. According to the numerical results, the amount of reduction in deformation is nearly 20%, which is close to the experimental results. Figure 14 shows the out-of-plane displacement U z at the evaluating point 5 and its change with 26 weld lines in Model 1 without jigs and Model 2 with jigs. The out-of-plane displacement U z at point 5 in Model 1 without jigs was mainly induced by weld lines 1 and 2. The out-of-plane displacement U z at point 5 in Model 2 with jigs was well controlled under the state with jig constraints. However, when the jig constraints were released after 26 weld lines, a sudden change in the out-ofplane displacement U z occurred and the final displacement U z was approximately 80% of that in Model 1 without jigs. This is because the final displacement was mainly determined by the welding-induced inherent deformation.
Simulation of Jig Configurations for Welding Distortion Reduction
The inherent deformations shown in Fig. 10 for local Joint A, Joint B and Joint C are influenced not only by the jig constraints but also by the jig configurations.
Using the inherent deformation obtained from local Joint C, one additional simulation for the investigation of reduction of welding distortions in the structure model shown in Fig. 11 was performed. For a simple description, the structure model with proposed jig positions close to weld lines as schematically shown in Fig. 3(d) is herein named Model 3. The deflection magnitude at the most important evaluation points is shown in Fig. 1 , and its comparison among these three models is illustrated in Fig. 15 . The deformation magnitude at each evaluated position in structure Model 3 decreased almost 40%. Compared with Model 2, the reduction of deformation can reach 1.75-fold if jig constraint is applied closer to the weld line. Currently, the jigs are placed 60 mm from the weld line. If more reduction is needed, the jig pitch can be reduced. The local-global approach to considering jig constraint was proven to be effective in predicting welding deformation. The inherent strain method for welding distortion prediction is simple and has a high efficiency compared with transient thermal-mechanical analysis.
Conclusions
The following conclusions can be drawn based on the results obtained in this study:
1. The welding deformation in a large construction structure was efficiently predicted by the inherent strain method. The prediction shows quantitatively good agreement with the experimental results. 2. The inherent deformation calculated from the local model of the welded joint under jig constraints can be directly applied to the entire structure to predict the welding deformation controlled by jigs. 3. The interaction between jigs and welding structure during thermal cycles is critical to controlling welding deformation. After the jig constraints are released, a large amount of welding distortion may occur because of incomplete reduction of inherent deformation. 4. The jig constraint was effective in reducing welding deformation. Further investigation indicates that jigs closer to weld lines are helpful for reducing welding distortions.
